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A complimentary experimental/numerical investigation on the effect of counterpropagating pulsed lasers on molecular nitrogen was conducted. The experiment verified published theoretical predictions of the effect of laser intensity and gas pressure on the magnitude of induced density perturbations in the gas using a coherent Rayleigh-Brillouin scattering technique. The investigation further verified the use of a modified version of the SMILE DSMC code for more robust prediction of the effect of a non-resonant pulsed optical lattice on a neutral gas. The ambient pressure of molecular nitrogen was varied from 100 torr to 760 torr and the pump laser energy was varied from 2 mJ to 25 mJ per pulse. The resulting scattered signal from the experiment was measured and compared with numerical predictions. Assuming that the signal of the experiment is proportional to the probe intensity and the square of the density perturbations induced by the pump lasers, the results of the experiment qualitatively support both theoretical predictions and numerical simulations. 
I. Introduction
ulsed optical lattice laser-gas interactions offer a potentially powerful tool for laser based neutral gas heating, acceleration, and modification. Most of the technique's advantages are due to the non-resonant nature of the laser-gas interaction, which could uniquely combine the general applicability of the approach to any test gas with the controllable nature of light interactions. This technique would yield a wide range of attainable temperatures and flow conditions. As compared with arc or laser powered discharge heating [1, 2] , non-resonant pulsed optical lattices offer the possibility to study high temperature gases without the ionization and molecular dissociation reactions associated with discharges. Traditional shock tubes, often used for high temperature flow studies [3, 4] from thermal equilibrium make the obtained results difficult to extrapolate to situations where the gas is close to equilibrium. One of the most robust approaches to producing heated gases is infrared laser powered homogeneous pyrolysis (IR LPHP). [5, 6] In this method, energy is absorbed in a vibrational mode of the photosensitizer before being rapidly converted into translational modes through efficient relaxation processes. 7, 8, 9 A non-resonant optical lattice heating technique is expected to be superior to all of these techniques since it can theoretically provide a wider range of temperatures (in excess of 2000 K), be applicable to practically any gas species (non-resonant interaction), transfer energy from the laser directly into translational modes of the gas without intermediate steps, and maintain the main benefits of other techniques such as IR LPHP. These benefits include gas phase operation (homogeneity), the possibility to achieve spatial uniformity, and small operational volume. However, the realization of a non-resonant pulsed optical lattice heating technique relies on the seamless integration of theory and numerical prediction related to a multitude of disparate fields such as laser physics, optics, molecular gas dynamics, and traditional continuum fluid mechanics. This investigation looks at the use of one experiment, coherent Rayleigh-Brillouin scattering (CRBS), to validate analytical predictions and a numerical simulation method based on a modified version of the gas kinetic numerical simulation code SMILE. SMILE has been used to predict the modification of a neutral gas by several laser configurations [7] [8] [9] and is now compared directly with an experiment. The experiment and associated numerical method are initial steps on the path to laser based neutral gas heating, acceleration, and modification.
II. Theoretical Framework and Numerical Method
The induced dipole gradient force on a particle originates from a potential associated with its immersion in a non-uniform electric field [10] . Since the magnitude of this force is traditionally small, it has so far only found a niche in the field of low temperature atomic research. The force is routinely utilized for confinement [11] and transposition [12, 13] of neutral atoms in tailored light fields. In these applications, one or more lasers are used to create a spatially varying optical potential field. If two counter-propagating beams are arranged in a manner to create an optical standing wave, the axially periodic potential formed is referred to as a one dimensional optical lattice [14] . The majority of experiments utilizing the optical dipole force use a combination of continuous wave lasers and alkali metals or meta-stable noble gases. This combination allows for the tuning of the laser near well defined and isolated electronic resonances, which in turn increases the magnitude of the force in response to a given laser intensity. Using lasers further from resonance, the dipole force gains broader particle applicability [15] , at the expense of the magnitude of the force. In order to regain some effectiveness, pulsed lasers can be used in lieu of continuous wave lasers to increase the instantaneous optical intensity. Higher optical intensity translates to a larger force along the potential gradient which in turn can strongly affect the particles in a gas. Applying a relatively high intensity, pulsed optical lattice to a continuum gas offers the use of the dipole force as a mechanism for creating a periodic density perturbation in the gas with a periodicity on the order of the laser wavelength [16, 17] . This perturbation can then be used to probe various gas dynamic properties. 18, 19 Detailed theory for the effect of an optical lattice on a collisional gas and the scattering of a probe beam off of the density perturbation formed by that interaction can be found in [16] [17] [18] [19] . Background material can be found in closely related publications such as laser induced grating spectroscopy (LIGS) [20, 21] and laser trapping and cooling [14, 15, 22] .
The force acting on a polarizable medium in a non-uniform electric field is given by Boyd [10] as ( )
For anti-parallel, coherent, collimated laser pulses, the square of the electric field amplitude in the overlapping region is calculated as the superposition of two plane waves.
When ≈-and ≈ , the interference term of the field has two components: one with a relatively long spatial and short temporal period and the other with a short spatial and long temporal period. When the gradient of eqn. (2) is taken (per eqn. (1)), the portion with the long spatial period has a negligible impact. In addition, the fast oscillating terms ( ) can be time averaged to a constant value of 1/2. The resulting force acting on a particle within the potential region is given by
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The intensity of the two laser pulses is assumed to have a Gaussian shape in both space and time which is described by
By substituting the laser intensity for the electric field magnitude, eqn. (3) in the axial direction becomes
It should be noted that a gradient in the axial intensity profile caused by the temporal Gaussian shape can be neglected as (2π/q)/(c τ fwhm )<<1. This equation gives the force on an individual particle based on its location in space and the time relative to the center of the laser pulse's temporal envelope.
With the force on the particles within the gas evaluated, it can be inferred that the periodic nature of the force will induce a local area of higher density at the anti-nodes of the interference pattern. This perturbation in turn causes a periodic structure in the index of refraction of the gas, which is related to its density, effectively creating a grating which will scatter light. Given a certain set of parameters, such as the angle of the crossing pumps and the wavelength of the lasers, the scattered light will evolve as a coherent scatter off the grating, increasing the signal significantly over spontaneous processes [16, 17] . It has been shown that the intensity of the returned light in a coherent Rayleigh scattering experiment is proportional to the intensity of the probing light and the square of the density perturbations in the gas [23] 2 sig probe
It has also been shown that the magnitude of the density perturbation should be proportional to the product of the pump laser intensities [23] 2 pump1 pump2
Assuming the validity of eqn. (6), the numerical simulation package SMILE was used to calculate the density perturbation created by the periodic force given by eqn. (5) . Since the force acting on the molecules directly affects the velocity distribution of the flow, a kinetic approach must be used to model the impact of the laser-molecule interaction on molecular trajectories. The kinetic code chosen was the Direct Simulation Monte Carlo (DSMC) code SMILE. The code was modified to include the non-resonant laser interaction described by eqn. (5) . This modification used a Newtonian integration scheme to approximate the force on a molecule as a temporally and spatially varying acceleration which was considered constant over the duration of a simulation time step. Time steps were therefore reduced such that the species did not traverse appreciable fractions of the laser field or temporal pulse width in one time step. The SMILE code has been broadly applied and experimentally validated, see [24] and the references therein. Some of the features which have contributed to its broad applicability and validation (thus its choice for this study) were as follows: The VHS model [25] and majorant frequency scheme [26] are employed for modeling molecular collisions. The latter feature was particularly important for maintaining fidelity while reducing the time step to satisfy the laser interaction conditions. The Larsen-Borgnakke model [27] with temperaturedependent rotational and vibrational relaxation numbers is utilized for rotation/vibration-translation energy transfer.
Nitrogen was used as a test gas in this investigation. . The simulation domain was modeled axisymmetrically around the optical axis of the two anti-parallel, counter propagating laser pulses. These laser parameters are expected to be in a regime below optical breakdown threshold [28] . The pulses were assumed to have identical frequencies creating a lattice with zero velocity. In order to cover the temporal shape of the pulses, each pulse simulation ran from -τ to +τ where τ was assumed to be 5 ns (FWHM). Therefore, the total time for each simulation was 10 ns. With a laser pulse spatial length of approximately 1.5 m, the axial domain boundaries were considered periodic. The radial domain boundary was considered specular and assumed to represent a sufficiently small cross-section at the center of the laser focus that the surrounding volume was equally affected. The domain was nominally 1064 nm tall and ±332. The first step in the simulation procedure was to populate the domain in the baseline ambient configuration with the appropriate gas properties. During the last 0.02% of the simulation, cells were sampled to give flow field values. With approximately 1,350 simulated particles per sample cell and 10 time steps averaged, the average statistical error is estimated at approximately 2%. For this analysis, there were four numerical parameter studies conducted. The first set of simulations used a constant maximum single pulse intensity of 3.685x10 15 W/m 2 and varying gas pressure from 100 torr to 760 torr. The second used a maximum single pulse intensity of 2.211x10 16 W/m 2 and similarly varying gas pressures. The third and fourth simulations used a constant gas pressure of 100 torr and 760 torr, respectively, and varying maximum single pulse intensities from 3.685x10 15 
III. Experimental Setup
The experimental setup can be seen in Figure 2 . The output beam from a frequency doubled narrowband Nd:YAG laser (Continuum Powerlite 8010) was split using a polarizing beam splitter to create the counterpropagating pumps which formed the optical lattice. Pump 2 was rotated 90° to achieve the same polarization (Spolarized) as pump 1. The pump laser had a linewidth of 0.003 cm -1 and a pulse width of approximately 5 ns. Each pump beam was passed through a 400 mm plano-convex lens which focused each pulse to a diameter (I FWHM ) of approximately 15 µm. Care was taken to match the path lengths so that the peak of each pulse arrived at the focal point at approximately the same time. Due to gas breakdown constraints, each pump had a maximum of 25 mJ of energy per pulse. The density perturbations induced by the optical lattice were probed using a separate, broadband frequency doubled Nd:YAG laser (Continuum Minilite). The probe laser produced a 12 mJ pulse over 5 ns and was rotated so that the polarization was perpendicular to the pump beams so as not to interact with the lattice. The probe beam was passed through the same set of lenses directly counter to pump 2 as shown in Figure 2 and obtained a focal diameter of approximately 40 µm. Due to phase matching conditions, the scattered signal from the probe propagates back directly opposite pump 1 as shown in Figure 2 . The scattered signal was detected using a Newport 818-BB-45 photodiode and a LeCroy WaveRunner 64Xi oscilloscope. The area under the time dependent intensity profile was taken as the measurement of merit for the experiment. The control of the two lasers, both internal operation and overall timing, was managed using a trio of Stanford Research Systems DG535 delay generators with timebases accurate to better than 50 ps. Total power for the scattered signal was less than 1% of the probe energy. The position and size of the pump and probe pulses was verified using a knife edge power measurement system. A small vacuum chamber was placed between the two lenses so that the focal points of the two pump beams and probe beam were contained inside the chamber. The vacuum chamber was evacuated to less than 1 mTorr and back filled with research grade N 2 . Pressure was measured using an MKS Baratron with a full range of 1000 Torr and a repeatability and linearity of 0.1% full range and accuracy of 1% of the measurement. Optical access to the chamber was provided by two anti-reflective coated (532 nm) laser quartz windows. Scattered signal strength measurements were taken as a function of gas sample pressure and pump beam intensity. Pressure variation in the chamber ranged from 50 to 800 torr and was accomplished by pumping out part of the backfilled nitrogen. The pump intensities varied from 2 mJ (per pump beam per pulse) to 25 mJ, just below the breakdown threshold for nitrogen at the highest pressure. Power variation was accomplished by varying the laser energy let into the system through a half wave plate and polarizing beam splitter shown in Figure 2 . The system was allowed to run for 35 seconds to stabilize and the last 300 shots were averaged for better statistics.
It should be noted that the measurement of the scattered signal on the photodiode precludes an assessment of the total or spatially dependant scattering efficiency of the laser induced perturbations. The photodiode only reports the intensity of the light which impinges on its sensor, which may or may not be the entirety of the scattered signal. Furthermore, the probe pulse and pump laser induced perturbations vary as a function of space in the radial direction. However, the setup is sufficient to compare macro-parameters of the experiment such as gas pressure and laser pulse energy by interrogating the same part of the scattered signal shot to shot
IV. Results and Discussion
An example of the density flow field within the domain can be seen in Figure 3 (A) with the radially averaged density shown in Figure 3 (B) . Since the domain is axisymmetric, this represents a cylinder around the central axis of the counter propagating laser pulses. The density perturbations simulated by the code are significant compared to the ambient condition, approximately 40 percent of the ambient value. While the magnitude of the density perturbation is not directly measured by the experimental setup, the relative change in that perturbation (squared) is characterized by a corresponding change in signal intensity. Therefore the absolute magnitude of the density perturbations are not further presented. While the long term objective of this research is to enable an arbitrary and tunable, laser based, high temperature neutral gas production capability, the purpose of this particular study was to experimentally show a direct modification of the gas using pulsed lasers and to compare those results with developed numerical models. This is an essential step towards optimizing and characterizing an eventual system. Keeping in mind the un-optimized state of the current setup, with respect to gas heating, an example of the simulated translational temperature field within the domain can be seen in Figure 4 (A) with the radially averaged temperature shown in Figure 4 (B). Since the domain is axisymmetric, this represents a cylinder around the central axis of the counter propagating laser pulses. While the density perturbations are large fractions of the ambient condition, the relative temperature change in the system is small. This is mainly due to the adiabatic timeframe for the turn-on and turn-off of the forcing field. The temporal Gaussian envelope of the laser pulses is long compared to the travel time of a molecule from one side of the potential well to the other. This effectively moves the molecules towards the center of the potentials without significant heating. In future iterations of neutral gas heating experiments, variation in the temporal profile, depth of the potential well, and multiple passes can be investigated to help reach the goal of high temperature (> 2000 K) neutral gases. A comparison between the experimental and numerical data can be seen below for two experimental data sets which vary ambient gas pressure and pump laser intensity (pulse energy). In order to make a qualitative comparison, the experimentally recorded signal intensity has been scaled by the circled experimental point. That point was the largest signal with the closest match between experimental and numerical conditions. The numerically simulated density perturbation squared, shown to be proportional to the scattered signal [23] , has also been scaled by the circled numerical point. This artificially requires the two circled points to match magnitude at unity. This does not preclude comparison of the data to identify consistent trends with changes in the respective variables. The experimental error bars represent one standard deviation above and below an average of 300 points. The large statistical scatter in the recorded data is primarily due to the shot to shot instability in the probe laser's profile both in time and intensity. Figure 6 shows the average of the experimental laser profiles for the pump and probe pulses and the statistical averaging of 300 points. The centers of the points have been offset by 5 ns in either direction in order to show each profile more distinctly. Again, the error bars represent one standard deviation above and below the averaged point. Future experimentation will use two Powerlite 8010 lasers with fairly stable temporal pulse profiles in order to reduce the error bars and obtain a more consistent signal. 
V. Conclusion
The presented study compared the effect of counter-propagating pulsed lasers on molecular nitrogen using numerical and experimental methods. A modified version of the DSMC code, SMILE was used to calculate the magnitude of the density perturbations caused by non-resonant pulsed optical lattices in a configuration consistent with previous coherent Rayleigh-Brillouin scattering experiments. Computations were performed for molecular nitrogen with ambient pressures ranging from 100 torr to 760 torr and laser energies from 5 mJ to 25 mJ per pulse. A complimentary coherent Rayleigh-Brillouin scattering experiment was performed in which the scattered signal from the lattice induced gas gratings was measured as a function of ambient pressure and pump energy. The results obtained from the numerical study were scaled and compared to the experiment. Both methods show that the density perturbations (numerical)/scattered signal (experimental) vary linearly with combined laser intensity (I 1 *I 2 ) and quadratic with pressure. Therefore, assuming that the signal of an experiment is proportional to the probe intensity and the square of the density perturbations induced by the pump lasers, the results of the experiment qualitatively support the predictions of the numerical simulations. 
